Compression behavior of carbon nanotube bundles and individual carbon nanotubes within the bundle has been studied by using the Suzuki, Shanker, and usual Tait formulations. It is found that the Suzuki formulation is not capable of explaining the compression behavior of nanomaterials. Shanker formulation slightly improves the results obtained by the Suzuki formulation, but only usual Tait's equation (UTE) of state gives results in agreement to the experimental data. The present study reveals that the product of bulk modules and the coefficient of volume thermal expansion remain constant for carbon nanotubes. It has also been found that the individual carbon nanotubes are less compressible than bundles of carbon nanotubes.
Introduction
After their discovery by Iijima [1] carbon nanotubes have got a lot of attention because of their unique electronic and mechanical properties, but the most important property of carbon nanotubes is their elastic response to the external force or stress [2, 3] . As a one-dimensional structure, carbon nanotubes can be thought of as one sheet or multiple sheets of graphene rolled into a cylinder. Single-walled carbon nanotube bundles typically consist of several nested tubes, each like a graphene sheet bent into the cylindrical form with an overall diameter of a few nanometers. According to different chiral angles, single-walled carbon nanotubes can be classified into zigzag ( = 0 ∘ ), armchair ( = 30 ∘ ), and chiral tubes (0 ∘ < < 30 ∘ ) [4] . The Young's modulus and Poisson's ratio of nanotube have been studied by the previous workers [5] [6] [7] [8] [9] , while the hardness as one of the most important parameters characterizing the mechanical properties of single-walled carbon nanotubes has been intensively studied during the last decade [6, 10] .
High pressures which are encountered from deep down the earth to the astrophysical objects may cause many effects such as compression, pressure ionization, modification in electronic properties, phase changes, and several phenomenons in applied fields [11] . For this, pressure versus volume relations of condensed matter known as equation of state is a vital input. Many equations of state exist in the literature, but still there is a need to judge on their suitability under whole range of compressions as most of them give the same result under small compression.
In high pressure, generally used theory is the finite strain theory which means the theory due to Birch [12] . However, Birch's theory rates no more than a passing mention as discussed in detail by Stacy [13] . The attention has also been given to the theory based on atomic potential as presented by Rydberge [14] . The Mie Grüneisen theory was followed by Suzuki et al. [15, 16] and reported what became known as Suzuki formulation [16] [17] [18] . The Grüneisen theory of thermal expansion as formulated by Born and Huang [19] has been used by Shanker et al. [20] . These authors included a higher order term for the change in the expansion of potential energy. Using some thermodynamical relation Tait formulated a relation [21] [22] [23] known as UTE.
In the present work, we have investigated the mechanical properties especially volume compression ( / 0 ) of nanotube bundles and individual carbon nanotubes using widely used Suzuki, Shanker, and usual Tait equation of state (EOS) [15] [16] [17] [18] [19] [20] [21] [22] [23] 
Method of Analysis
Based on Mie-Grüneisen Debye theory Suzuki et al. [15, 16] have derived an EOS, known as the Suzuki equation [18, 26] , to study the change in volume / 0 with temperature , along an isobar. This Suzuki equation has been widely used in the literature [15] [16] [17] [18] , and its mathematical form reads as follows [27] :
where = ( 0 −1)/2, Th is the thermal energy, = 0 0 / 0 , and 0 is the Grüneisen ratio. 0 , 0 are the isothermal bulk modulus and its first order pressure derivative, respectively. The subscript o refers to their value at = 0 and = 300 K. Using the well known relation [27] 0 Th / 0 = Th , (1) reads as follows [28] :
where Th is the thermal pressure. Shanker et al. [20] have argued that if is not equal to zero, (2) may be rewritten as follows:
Now, when thermal pressure is zero ( Th = 0), (3) gives the following simple relation:
This is Suzuki EOS. Shanker et al. [20] have reported an isobaric EOS, using the Grüneisen theory of thermal expansion as formulated by Born and Huang [19] whose mathematical form reads as follows:
It has been argued by Shanker et al. [20] that when is not equal to zero, (5) may be rewritten as follows:
When thermal pressure is zero ( Th = 0), (6) gives
This is Shanker EOS. The usual Tait equation of state is obtained by assuming the fact that the product of the thermal expansion coefficient ( ) and the bulk modulus ( ) is constant under the effect of pressure [29] , that is,
Differentiation of (8) with respect to volume at constant temperature gives
Anderson-Grüneisen parameter is defined as
where is Anderson-Grüneisen parameter at constant temperature.
From (9) and (10), we get
Assuming to be independent of ,
Anderson-Grüneisen parameter and = / 0 are related by the following relation [28] :
where is a constant for a given solid. In view of (13), (11) can be written as
Integrating the previous equation, we get
where
In view of (16), (15) is written as The integration of (17) gives
Here, 0 is the bulk modulus at the zero pressure, and the constant is determined from the initial conditions, namely, at = 0 , = 0 + 1. Substituting the value of in (18) and taking the natural log, we get the following final form of usual Tait equation of state:
here the approximation 0 ≈ 1 0 is used. To test the validity of this usual Tait's equation of state we have employed it to predict the high pressure compression behavior of carbon nanotubes and graphite along with the Suzuki and Shanker EOSs. Within the framework of UTE, the expression for the isothermal bulk modulus can be written as [30, 31] 
Results and Discussion
Present analysis is based on the three widely used formulations, namely, Suzuki, Shanker, and usual Tait EOSs. We have calculated the values of compression ( / 0 ) at different pressures by using (4), (7), and (19) for individual CNT as well as nanotube bundles. Table 1 shows the variation of ( / 0 ) with pressure for individual as well as nanotube bundles. In Table 2 , we have reported the values of the compression for graphite which may be treated as a bulk material. Thus we have analyzed the validity of equation of state for nanomaterials as well as bulk materials. For high pressure compression behavior, a graphical presentation between the calculated and experimental values has been shown in Figures 1 and 2 . From tables and figures, it is clear that the results obtained by Suzuki formulation do not agree with the experimental data [24, 25] while Shanker formulation improves the results slightly. Moreover, it seems that at low compressions all equation give the similar results.
On the other hand usual Tait EOS (19) gives the results which are in close agreement to the experimental data [24, 25] for the entire range of pressure. For usual Tait EOS the agreement between the theoretically calculated and experimental values demonstrates that the product of bulk modules and the coefficient of volume thermal expansion remain constant for carbon nanotubes. While the failure of Suzuki and Shanker formulation may be attributed to the fact that their analysis is based on approximation. The Suzuki model is based on the Taylor series expansion of potential energy, and during this expansion higher order terms beyond second order have been neglected. This approximation must introduce serious errors as discussed in detail by Wang and Reeber [26] . Inspired with the Suzuki model, Shanker et al. [20] have also neglected higher order terms in deriving (7) . In the present study from Tables 1 and 2 it is found that the graphite is more compressible than the nanotube bundle which is formed by rolling graphene sheets. We further extended usual Tait's EOS to calculate bulk modulus and the variation of isothermal bulk modulus ( ) with pressure for nanotube bundle and individual tube within the bundle which are shown in Figures 3 and 4 , while calculated values are given in Table 3 . From Figures 3 and 4 , it is clear that the isothermal bulk modulus increases with pressure and the compression decreases with pressure in these nanotubes and thus follows the same trend as in the bulk solids. The variation of bulk modulus with pressure could not be compared with the experimental values, as to the best of our knowledge the experimental data about the pressure dependence of bulk modulus for carbon nanotubes is not available in the literature. However, in future our calculated values may stimulate some experimental investigations regarding high pressure behavior of bulk modulus for carbon nanotubes.
Conclusions
On the basis of overall descriptions, it may thus be concluded that the Suzuki formulation fails to explain the high pressure compression behavior of carbon nanotubes Shanker formulation improves the result of Suzuki formulation, but among the three formulations, the usual Tait EOS is more suitable to explain the elastic properties of nanomaterials. The reason for its success lies in the fact that the product of bulk modules and the coefficient of volume thermal expansion remain constant for carbon nanotubes.
